ABSTRACT In this paper, a simple technique for improving element isolation in wideband multiple-input multiple-output (MIMO) antenna is investigated. We consider n-section rectangular slits below the feed line and analyze the effects of the number of sections on achievable isolation. The effect of the slits is indirect by improving the impedance matching, which creates a room for isolation enhancement through rigorous optimization of all antenna parameters. The results obtained for an exemplary antenna structure indicate the advantages of increasing the slit complexity as well as a saturation effect beyond n = 3. Using these considerations, a compact MIMO antenna is developed and optimized to operate in the ultrawideband (UWB) (3.1-10.6 GHz) frequency range. The final design features |S 11 | ≤ −10 dB and isolation |S 21 | ≤ −20 dB in the entire UWB range, as well as small dimensions of only 25 × 32 mm 2 . Excellent performance figures, including envelop coefficient correlation (< 0.005), diversity gain (> 9.99 dB), and total efficiency (> 80% by average), demonstrate that the considered structure is suitable for practical applications and competitive to the state-of-the-art antennas reported in the literature. Experimental validation of the design is also provided.
I. INTRODUCTION
Wideband antennas have gained popularity owing to their attractive features such as high data rate, simultaneous multi-channel connectivity, low power consumption as well as ability to provide high-resolution images [1] , [2] . The Federal Communications Commission (FCC) authorized the frequency range (3.1 -10.6 GHz) for ultrawideband (UWB) systems to be used for commercial applications in 2002 [3] , which started advancements towards development of UWB antennas for wideband applications such as wearable devices [4] , Internet of Things [5] , and cognitive radio [6] . However, the critical issue associated with UWB systems is their suitability for a short range communication only, which is due to low power transmission allowed by FCC. Furthermore, considerable environmental scattering causes a multipath fading that leads to degradation of the transmission quality. Finally, a single wideband antenna has its own limitations in handling multi-channel communication over a wide range.
A multiple-input-multiple-output (MIMO) technology has been used to overcome the aforementioned problems.
An important characteristic of MIMO structures is separation between the antenna elements, high level of which is essential to avoid mutual coupling and to ensure reliable communication [7] , [8] . Also, stronger mutual coupling between the antenna elements results in decreasing the data transfer capacity and efficiency of the MIMO system [9] . Notably, this phenomenon becomes more pronounced in compact communication systems where a limited space is allocated to mount the antenna on. Consequently, design of compact MIMO antennas with high isolation for space-limited communication devices is a considerable challenge. From the system point of view, isolation level of -20 dB is considered sufficient in the context of quality of wireless communication [9] . Yet, achieving it while maintaining the compact size of the antenna structure along with sufficient levels of other performance figures is a considerable design a challenge.
There have been significant research efforts observed over the last few years to deal with mutual coupling issues. The most popular approach is to place antenna elements orthogonal to each other [10] , [11] , which makes it easy to handle mutual coupling. However, orthogonally-allocated antenna structures increase complexity of the feeding structure in compact communication devices. Other techniques to improve isolation include utilization of parasitic structures [12] , Electromagnetic Band Gap (EBG) structures [13] , neutralizing lines [14] , and Defected Ground Structures (DGS) [15] . Although the aforementioned techniques are very attractive in the context of isolation improvement, their implementation for wideband and ultra wideband applications is difficult, especially for contemporary communication devices. Therefore, these techniques have not yet been in practical use in UWB-MIMO antenna structures to the best of authors' knowledge.
Alternative methods include a wide range of ground plane alterations. In [16] , a compact UWB-MIMO antenna with F-shaped stubs in the ground plane has been proposed. High isolation (|S 21 | < −20 dB) is achieved by the stub evolution in the ground plane. In [17] , a bi-planar Yagi-like MIMO antenna has been proposed with isolation better than −17 dB. Two L-shape inverted parasitic strips with smaller L-shape stubs have been introduced in [18] to achieve improved isolation. The main problem associated with the above structures is their large size, as well as the fact that element isolation is not explicitly handled in the design process, therefore, it is only a byproduct of the introduced modifications. To achieve better control, explicit formulation of requirements concerning relevant performance figures is necessary along with suitable geometry alterations that are capable of controlling respective characteristics. At the same time, rigorous optimization needs to be carried out so as to account for parameter and antenna responses interrelations.
In this paper, a technique for element isolation improvement in compact UWB-MIMO antennas is proposed and investigated. Our approach involves introduction of n-section slits below the feed line. The slits permit impedance matching improvement of individual antenna elements [19] , which is further utilized to enhance isolation through rigorous constrained optimization of all antenna elements and balancing reflection level (at -10 dB within the operating band of the antenna) and isolation (at -20 dB), while maintaining the compact footprint. The number n = 2 of the slit sections has been found to be the best compromise between efficiency (in terms of isolation improvement but also maintaining the small size) and structural complexity. The presented concept has been demonstrated for a UWB-MIMO structure based on two monopole antenna elements, placed parallel to each other with a common ground plane. Inverted L-shape stubs are utilized in the ground plane to enhance the matching. The simulated and measured results confirm the applicability of the considered antenna for contemporary modern communication devices, among others, due to its very low ECC and high diversity gain.
II. BENCHMARK MIMO ANTENNA STRUCTURE AND ANALYSIS
Our considerations are illustrated using the UWB-MIMO antenna shown in Fig. 1 . Two monopole antenna elements are positioned parallel to each other with a common ground plane and fed by 50 impedance lines.
The structure is implemented on 1.55-mm-thick FR-4 substrate with ε r = 4.3. The antenna geometry is described using the following vector of parameters: [20] (∼770,000 mesh cells, simulation time 2 minutes). In order to ensure reliable experimental validation, the model includes the SMA connectors. The antennas are supposed to operate in the UWB frequency range (3.1 GHz to 10.6 GHz). Figure 2(a) shows the reflection response of the initial design which is not satisfying the condition |S 11 | ≤ -10 dB. Therefore, our first goal was to optimize the antenna for the maximum in-band reflection not exceeding -10 dB. Here, a pattern search algorithm [21] has been utilized with reflection constrained handled implicitly (through a penalty function approach [22] ). The reflection response of optimized antenna is shown in Fig. 2 (b) which indicates that 
III. ANTENNA EVOLUTION TOWARDS ISOLATION IMPROVEMENT
A proposed way of improving element isolation are multisection slits below the feel lines. To analyze the impact of these ground plane alterations on the UWB-MIMO antenna, the optimized Antenna I has undergone systematic modifications. At the first stage, a rectangular slit below the feed line was introduced as shown in Fig. 3(a) (the structure referred to as Antenna II). Upon applying this modification, the design variable vector was extended to
Here, l 1 and w 1 are the length and width of the introduced slit below the feed line. Antenna II was optimized using the same procedure as described before. For a fair comparison between the isolation of Antenna I and Antenna II, the overall antenna size was fixed during the optimization. The S-parameters of Antenna II are shown in Fig. 4 (a) . It can be observed that isolation (S 21 ) between the two ports of the MIMO antenna elements was improved considerably. At the next stage, another section of the slit has been added as shown in Fig. 3(b) (the structure referred to as Antenna III). The design variable vector of Antenna III is
Again, the same optimization procedure with fixed antenna size was performed. Further increase of the number of slit sections does not bring noticeable improvement of the isolation, therefore, Antenna III is considered a final design. Other performance figures such as total efficiency, Envelop Coefficient Correlation, and diversity gain have also been considered for all antenna structures. The purpose of this study was to analyze the impact of antenna modifications on the mentioned characteristics. Figure 5 shows the total efficiency of all antennas for the entire UWB frequency range. The average efficiency is similar for all antenna structures and larger than 80% and despite high-loss substrate (FR-4) . One of the critical performance figures of a MIMO antenna, reflecting the signal correlation, is the Envelop Correlation Coefficient (ECC). For an ideal MIMO antenna, ECC value should be zero, however, ECC < 0.5 is considered acceptable for an uncorrelated MIMO antenna system. The ECC can be calculated using the field radiation pattern [23] as: Where, F i (θ, ) is the field radiation pattern of the MIMO antenna element when port i is excited (here, i = 1, 2) and other port is terminated with the 50 load. Figure 6 (a) shows the ECC for Antennas I through III. Here, again, isolationimprovement-oriented antenna modification did not degrade the ECC within the entire UWB frequency range. Diversity gain of the MIMO antenna can be calculated using the following equation:
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Figure 6(b) shows DG for all considered antennas. As before, improving isolation through ground plane modifications is not achieved at the expense of DG degradation.
A. CURRENT DISTRIBUTIONS
The impact of the considered ground plane alteration on antenna isolation was further analyzed using the surface current distribution over the modified MIMO antennas at 3.1 GHz as shown in Fig. 7 . It is clear from Fig. 7(a) that with Port 1 excited, a significant amount of current is coupled along Port 2. This coupling effect is reduced by one-section slit below the feed line up as shown in Fig. 7(b) . Introduction of the two-section slit improves the situation dramatically as illustrated in Fig. 7(c) . Only a negligible amount of current is observed at the surface of the second antenna. Consequently, high isolation is achieved. 
B. EXPERIMENTAL VALIDATIONS
To verify the performance of the antenna, the optimized UWB-MIMO structure was fabricated (cf. Fig. 8 ). During the measurement process, Port 1 was excited, while Port 2 was terminated with a 50 load. Figure 9 shows the measured and simulated S-parameters of the considered antenna. The measured results confirm the capability of the design to operate within the UWB range. A slight discrepancy might be due to fabrication tolerance and inconsistency of the the dielectric constant of the substrate. Figure 10 shows the simulated and measured ECC and DG of the antenna. As our experimental facilities do not allow to measure the 3D field pattern, the measured scattering parameters has been used for ECC evaluation using the expression [23] :
It is clear from the Fig. 10 that ECC is lower than 0.005 and DG is higher than 9.99 dB for the entire UWB range. The important observation is that the ECC and DG responses by using the field radiation pattern or scatterinr parameters are well aligned over the entire frequency range. The considered antenna can be a good candidate for modern cammunication devices due to very low ECC and high DG. To the best of authors knowledge, the antenna exhibits a much better performance (especially, in terms of ECC and DG) than recently reported designs [16] - [18] , [24] - [26] for the UWB range. The detailed performance comparison has been provided in Table 1 . For a fair comparison, only parallel-fed antenna designs were considered. Figure 11 shows the simulated and measured total efficiency of the antenna. The measured results indicate that the average efficiency of the antenna is higher than 80% which also confirms the applicability of the structure for modern communication devices. Another important characteristic is the radiation pattern. Figure 12 shows the E-and H-plane patterns at 6 GHz and 8 GHz. The radiation is omnidirectional. Some discrepancies can be found due to the substrate characteristics, and (especially for the E plane) due to utilization of the 90-degree bend to mount the antenna.
IV. CONCLUSION
In this paper, a technique for isolation improvement of compact wideband MIMO antennas has been proposed, and demonstrated using an exemplary UWB MIMO structure. High isolation was achieved by using an n-section slit below the feed line. Systematic ground plane modifications have been investigated leading to a conclusion that n = 2 gives an optimum trade-off between the structure complexity and performance. Also, rigorous design closure of the antenna has been carried out using numerical optimization to ensure its best possible performance. The measured results (|S 21 | ≤ -20 dB, ECC < 0.005, DG > 9.99dB) confirm suitability of the antenna for modern communication systems. The considered structure also exhibits satisfactory field properties, in particular, high efficiency and omnidirectional radiation characteristics. The presented work can be used as a benchmark for future investigations of the impact of specific topology alterations on MIMO antenna performance. 
